Background: Cardiorenal interconnections are complex and may in part be mediated by the extent of intravascular volume expansion. The impact of subclinical volume excess on outcomes in heart failure (HF) patients with chronic kidney disease (CKD) has not been examined previously. Objectives: To assess the impact of volume-kidney interactions on outcomes in clinically "euvolemic" chronic HF patients (NYHA class II) with coexisting CKD. Methods: Plasma volume (PV) was prospectively measured in 110 stable HF patients with different degrees of renal function using a standardized radiolabeled albumin indicator-dilution technique. To examine the interactive roles of volume expansion and biomarkers of CKD, the cohort was dichotomized by median PV and then further stratified by cohort median serum creatinine, eGFR, and BUN, and analyzed for outcomes of HFrelated mortality and 1st hospitalization. Results: PV was expanded above normal in 76% of the cohort. Over 1.5 years of follow-up, sCr and BUN above and eGFR below cohort median stratified higher risks for the composite endpoint only in ambulatory HF patients with a severe degree of PV expan-sion (median PV expansion ≥+26%; p = 0.02). With less expansion (<+26% expansion), these biomarkers reflecting worse renal function did not discriminate risk (p = 0.578). The percentage of subjects experiencing composite outcome events was, however, comparable for both greater and lesser degrees of PV expansion in HF patients with stable clinical status. Conclusions: In clinically stable chronic HF patients with coexisting CKD, substantial subclinical PV expansion is common even when patients are considered clinically to be euvolemic, and, importantly, the extent of PV expansion impacts outcomes including early HF mortality. Better kidney function appears to mitigate the effects of excess PV expansion, while less volume expansion appears to limit the risk of worse renal function as reflected by clinical biomarkers of renal function. Thus, the extent of volume expansion impacts the capacity of standard clinical biomarkers of CKD to differentiate outcome risk in ambulatory chronic (NYHA class II) HF patients.
Introduction
Persistent clinical volume overload, symptomatic fluid congestion, and renal dysfunction have been hallmarks of poor outcomes and shown to be significant prognostic factors in patients with chronic heart failure (HF) [1] [2] [3] . However, how volume overload status as reflected in different degrees of subclinical intravascular volume expansion interacts with coexisting chronic kidney disease (CKD) and chronic HF to impact outcomes has not been studied. Also, how the relative severity of volume expansion impacts clinical biomarkers of renal dysfunction to identify risk changes in stable HF remains incompletely examined [4] . Therefore, we sought to assess the volumekidney associations in patients with chronic stable HF and different degrees of renal dysfunction in relation to long-term clinical outcomes of HF mortality and hospitalizations. Our working hypothesis was that severe plasma volume (PV) expansion would be associated with worse renal function and poorer outcomes while lesser degrees of PV expansion would mitigate the risk associated with impaired renal function in ambulatory chronic HF patients.
Methods

Study Cohort
Clinically stable patients with known chronic HF, predominately NYHA functional class II, composed the cohort for this analysis of prospectively collected observational data. Nonconsecutive patients evaluated during the period from October 1, 2011, to June 30, 2017, were included in the study. All patients had a quantitative measure of intravascular blood volume (blood volume analysis, BVA) obtained under steady-state clinical conditions. All patients were clinically evaluated as being "euvolemic" and were receiving standard oral HF medical therapy, including β-blockers, angiotensin converting enzyme inhibitors, or angiotensin receptor blockers, and oral loop diuretics (range of 20-60 mg/day; furosemide or equivalent) at the time of BVA and laboratory blood testing. Standard blood laboratory test results were available clinically for all patients as well as echocardiographic assessments within 3 months of the BVA. Patient exclusion criteria were (1) age < 18 years; (2) CKD requiring hemodialysis or ultrafiltration; (3) symptomatic coronary artery disease or requiring intravenous or device hemodynamic support; and (4) females who were pregnant or of child-bearing potential.
Intravascular Volume Measurement
Total blood volume quantitation using the indicator-dilution principle was undertaken in the Mayo Clinical Nuclear Medicine Laboratory using a standardized computer-based clinically available technique to administer low-dose iodinated [ 131 I]-labeled albumin intravenously. Specifics of the technique and procedure have been reported previously [5] [6] [7] [8] . In brief, the radiolabeled albumin is injected, and from the contralateral forearm venous catheter, 6-mL blood samples are collected at time 0 (before injection) and 12, 18, 24, 30, and 36 min after injection. Plasma radioactivity is measured in duplicate in a semiautomated counter (FDA-approved BVA-100 blood volume analyzer; Daxor Corp., New York, NY, USA). By extrapolating the radioactivity from the samples to time zero, PV can be measured, and total blood volume calculated from the patient's whole-body hematocrit. This technique is recommended for quantitative assessment of total blood volume by the International Committee for Standardization in Hematology for its precision and reproducibility [9] and also validated against the double-label technique of chromium-tagged red blood cells (RBCs) and [ 125 I]-labeled albumin [10] . Reference normal volumes are defined by the method of deviation from ideal weight which takes into account differences in body composition. PV values are adjusted for age, sex, weight, and height to calculate normal volumes as derived from > 100,000 measurements from Metropolitan Life tables. Intravascular volumes are reported as absolute volumes (in liters) and as percent deviations from normal volume as percent volume deficit (-) or excess (+). The cutoff point for severe PV expansion was not established a priori but was based upon the measured median PV of the patient cohort as a whole. The median percent PV expansion for this cohort was +26% above normal expected PV. The cohort was thus stratified by PV values above and below the median volume excess. Normal-to-moderate PV expansion included values <+26% volume expansion. Normal quantitated PV, total blood volume, and RBC mass are standardly defined as measured volumes within the range from ≥-10 to ≤+10% of expected normal volumes [7] [8] .
Patient survival or HF-related mortality was confirmed using the Mayo Clinic, Rochester, electronic medical record system. First HFrelated hospitalization after index BVA was identified by surveillance of electronic medical records and ICD-9-CM codes 425 (cardiomyopathy), 428 (heart failure), and ICD-10-CM 150 (heart fail- Means ± SD or percent in the category unless indicated otherwise. Laboratory data obtained within 24 h of BVA. DOI: 10.1159/000502210 ure) codes. The mean overall follow-up was 11.5 ± 6.4 months to the date of HF-related death, 1st HF hospitalization, or last follow-up alive and without hospitalization. The study period was 1.5 years from the index BVA, and no patients were lost to follow-up. Renal function status was expressed as serum creatinine (sCr) and BUN concentrations and estimated glomerular filtration rate (eGFR; in mL/min/1.73 m 2 ) using the Modification of Diet in Renal Disease equation [11] . Echocardiographic measurements were obtained as recommended by the American Society of Echocardiography [12] .
Statistical Analyses
Data are presented as means ± SD or medians with 25th and 75th percentiles for continuous variables, and as numbers (%) for categorical variables. One-way ANOVA was used for testing significant differences between PV groups. p values and confidence intervals (CIs) are provided where appropriate. Survival was estimated using the Kaplan-Meier (K-M) log-rank analysis to test for differences in outcomes for a composite endpoint of HF-related mortality or 1st HF-related hospitalization after BVA. The composite endpoint was evaluated in univariate logistic regression and multivariable analyses using Cox proportional hazard models. Multivariable analysis first incorporated significant univariate predictors of outcome in the model which included common variables of HF-related risk. Those variables that did not retain statistical significance (p > 0.05) were removed from the final model. Results are presented as risk ratios (RR) with 95% CIs and p values. Statistical analyses were performed using SAS statistical software (version 9; SAS Institute, Cary, NC, USA) and JMP 8.
Results
For this analysis, BVA and clinical data were available on 110 patients who were prospectively followed for the composite outcome of HF mortality or 1st HF-related hospitalization after index BVA. Table 1 shows the clinical and demographic features of this patient cohort at the time of BVA (baseline). This cohort was dichotomized based upon the measured median PV value of the cohort with PV >+26% of the normal expected volume. Patients with PV above this median value were considered to have severe PV expansion (n = 55) and those below to have mild-moderate expansion (n = 55). Patients with severe PV expansion had higher N-terminal pro-brain natriuretic peptide (NT-proBNP) levels and were more likely to have atrial fibrillation than patients with mild-moderate PV expansion, but otherwise the 2 subgroups were comparable ( Table 2 ). Cohort median renal function parameters sCr (1.4 mg/dL), eGFR (51 mL/min/1.73 m 2 ), and BUN (29 mg/dL) were used to further partition the 2 subgroups for risk assessment. Table 3 shows specific intravascular volume profiles for the cohort based upon the category of PV expansion above and below the median. .02, CI 0.55-1.89, p = 0.959]). However, when the 2 subgroups were dichotomized by the median cohort sCr concentration (1.4 mg/dL), there were differences in risk association based upon the extent of PV expansion. Figure 1a shows the K-M survival estimates for the composite endpoint in patients with severe PV expansion (>+26% of normal PV) stratified by median sCr. An elevated sCr above the median in patients with severe PV expansion showed a substantially higher risk of poor outcome (p = 0.02) compared with sCr < 1.4 mg/dL. Notably, in the setting of severe PV expansion, the K-M curves for the composite endpoint separated early in the course of followup: 30 vs. 5% risk at 4 months. This contrasts to a more uniform risk of approximately 24 vs. 20% risk, respectively, at 4 months for patients with mild-moderate PV expansion. This suggests that in the early time course fol-lowing index BVA despite severe PV expansion better renal function was associated with an outcome benefit. Importantly, there were no differences in clinical features or demographics between those with sCr above or below 1.4 mg/dL in patients with severe PV expansion (data not shown). In contrast, in the subgroup with mild-moderate PV expansion (Fig. 1b) , sCr above or below the cohort median was not associated with any change in risk (p = 0.578). Worse renal function was not associated with worse outcomes, and better renal function was not necessarily indicative of better outcomes.
Similar to the analysis with sCr, using median eGFR and BUN to risk stratify patients with severe and mildmoderate PV expansion, comparable relationships to the composite endpoint were demonstrated. eGFR below the median value for the cohort of 51 mL/min/1.73 m 2 identified patients at increased risk in the subgroup with severe PV expansion ( Fig. 2a) while the same cutoff did not stratify to an increase in risk in patients with mild-moderate PV expansion (Fig. 2b) . BUN above the median value (29 mg/dL) identified increased risk in patients with severe PV expansion ( Fig. 3a ) while in patients with lesser PV expansion BUN above the median value was not associated with an increased risk compared to values below the median (Fig. 3b ). Better renal function as reflected by higher eGFR and lower BUN appears in the setting of severe PV expansion to provide outcome benefit particularly as observed in the early time period (4-6 months) following index BVA. Cox proportional hazard regression analysis was used to evaluate the association between common clinical parameters of increased risk and the composite endpoint of HF-related mortality or 1st HF-related hospitalization in relation to the severity of PV expansion. Variables tested univariately for predictive capacity were age, left-ventricular ejection fraction, NT-proBNP, presence of anemia (Hb < 12 g/dL), diabetes, coronary artery disease, sleep apnea, and atrial fibrillation. In a subgroup of patients with PV expansion ≥+26%, none of these parameters was a univariate predictor of the composite outcome. In patients with mild-moderate PV expansion (PV <+26%), anemia (RR 2.92 [CI 1.20-7.29], p = 0.018) and NT-proB-NP (RR 2.80 [CI 1.10-7.36], p = 0.031) were univariate predictors. Multivariable model analysis was undertaken to test for independent predictors of risk separately in the Event-free survival, % sCR <1.4 mg/mL sCR ≥1.4 mg/mL log-rank p = 0.017 Wilcoxon p = 0.020 n = 55 were entered into the model, none of these univariate predictors persisted as independent predictor of outcome. Similarly, in the subgroup with mild-moderate PV expansion, neither the renal function biomarkers nor NT-proBNP retained an independent predictive capacity. The presence of anemia in the subgroup of mild-moderate PV expansion, however, remained an independent predictor (RR 3.01 [CI 1.23-7.57], p = 0.016) in the multivariable model. Using a Cox model testing for interaction of PV with renal function, a trend (p = 0.073) was demonstrated for the endpoint of death alone, but no interaction was demonstrated for the composite endpoint (p = 0.347).
Recognizing that the subgroup with PV <+26% contained patients with very mild volume contraction (≥-10% to 0 [n = 6]) and very mild PV expansion (> 0 to ≤+10% [n = 20]), we assessed differences relative to the group as a whole. No difference in sCr level was identified for the normal-range PV subgroup compared to the group as a whole (sCr 1.4 ± 0.5; median 1.4 (25th-75th CI 1.0-1.6). Median eGFR was also comparable to the overall subgroup at 52 mL/min/1.72 m 2 . Also, no difference in the composite outcome was demonstrated based upon stratified median sCr, BUN, or eGFR (log-rank p = 0.869). Similarly, patients with moderate PV expansion >+10 to <+26% (n = 29) demonstrated comparable sCr (1.5 ± 0.6, median 1.4 [1.1-1.9 mg/dL]) and eGFR (median 51 mL/ min/1.73 m 2 ). Composite outcomes were also not different when stratified by median sCr, BUN, or eGFR for this range of PV expansion (log-rank p = 0.417). Overall, no separate parameter differences were identified for normal-range PV or mild-moderate PV expansion when compared with the subgroup as a whole.
Discussion
While progressive renal dysfunction has been repeatedly shown to be a strong predictor and probable modulator of outcome in patients with HF [1] [2] [3] [4] , the interaction of fluid volume overload with impaired renal function (CKD) has not been extensively studied [13, 14] . The impact of intravascular volume and specifically the extent of subclinical PV expansion has not been analyzed, taken into account in risk assessment paradigms, or viewed as a modifiable risk factor in the management of HF patients with coexisting CKD. Here, we address the prevalence of quantitated subclinical intravascular volume overload and the interactions of the extent of PV expansion with different clinical biomarker parameters of CKD on HFrelated outcomes including mortality.
The principal findings of this analysis indicate that in patients with clinically stable, mild-moderately symptomatic HF who were considered "euvolemic" by clinical assessment, the presence of subclinical PV expansion is common (76% in this cohort), and, importantly, the extent of the intravascular volume excess from normalmild-moderate to severe PV expansion interacts with CKD severity to impact the predictive capacity of standard clinical biomarkers of renal function. Severe PV ex- pansion appears to underpin the capacity of clinical biomarkers of renal dysfunction in this cohort to identify patients at highest risk who may otherwise go undetected. From another perspective, it also appears that better renal function in the setting of severe PV expansion is somewhat protective or allows greater PV expansion to be better tolerated in patients with chronic HF.
We have shown in previous studies of patients with chronic HF that there is marked variability in and persistent congestion of intravascular volume when assessed quantitatively despite vigorous and uniform diuretic therapy [5] . In the current study of patients considered to be clinically "euvolemic" at the time of BVA assessment, higher sCr and BUN, and lower eGFR in the presence of severe PV expansion effectively identified patients at higher risk for HF-related mortality or hospitalization. Better kidney function (lower sCr and BUN, and higher eGFR) in the setting of severe PV expansion, however, appears to mitigate while worse kidney function exacerbates an already poor outcome. Thus, better kidney function appears to provide a compensatory advantage which allows HF patients to experience more significant subclinical volume overload with somewhat reduced risk and better clinical status.
In contrast, when PV is much less expanded (in this analysis lower than median expansion), the degree of CKD as reflected in the differences in clinical biomarkers is no longer a key identifier of risk or provides incremental information on risk assessment. From a kidney perspective in the setting of less PV expansion, the severity of kidney dysfunction appears to play less of a risk-stratifying role. This may in part relate to the kidney's marked sensitivity to fluid congestion where low renal medullary pO 2 can be further impaired by severe volume expansion with renal tissue edema provoking greater renal hypoxia [15] . However, in the setting of lesser volume expansion and less congestion, oxygen delivery and medullary pO 2 would be expected to be more favorable and similar in patients with either better or worse intrinsic renal function thus overriding at least in part the risk-stratifying capacity of CKD biomarkers. Another point is that while in the patients with severe PV expansion there was large variability in the extent of intravascular volume expansion among patients (Table 3) , all had a severe degree of expansion. In contrast, the patients with less than severe PV expansion, who also demonstrated patient-to-patient variability in PV expansion, included normal and very mild, as well as, moderate PV expansion, and this spectrum of intravascular volume may have had a less uniform impact on outcome in relation to the CKD markers than in the severe PV expansion subgroup.
The findings of this analysis suggest that the extent of subclinical volume overload as well as functional status in the patients should be taken into account when interpreting the clinical significance of elevations in biomarkers of renal dysfunction in patients with coexisting chronic HF and kidney disease. Early in the follow-up period (4-6 months after BVA), the outcome risk was lower in patients with better renal function despite the presence of severe PV expansion compared to patients with comparable CKD but only mild-moderate PV expansion. This underscores the significance of volume-kidney interactions over time in ambulatory chronic HF patients and a possible mitigating effect on the risk of volume expansion. The observation, however, that the frequencies of the composite endpoint over 1.5 years were comparable in the 2 groups of PV expansion (36 and 38%, respectively) suggests that factors in addition to renal dysfunction and their interactions contribute to outcomes.
The level of neurohormonal activation of the reninangiotensin-aldosterone system may have more of a role in contributing to outcome when there is less volume expansion and potentially inadequate intravascular filling. The finding that NT-proBNP was a univariate predictor in the mild-moderate PV expansion subgroup but blunted in the setting of severe PV expansion is suggestive that neurohormonal activation interacting with lesser degrees of PV expansion contributed to outcome risk while the parameters of renal dysfunction were less impactful. This is speculative and requires further study.
An additional factor is anemia, which has been shown to be a predictor of poor outcome in HF patients [16] . In this analysis, anemia (defined as venous Hb < 12 g/dL) was demonstrated to be an independent risk factor in patients with mild-moderate PV expansion but not severe expansion. This likely reflects the impact of true anemia (defined as absolute reduction in RBC mass) on outcome in this subgroup compared with PV expansion-related dilutional reductions in Hb (pseudoanemia) in patients with severe PV expansion [17] . In this cohort, more patients in the mild-moderate PV expansion subgroup demonstrated true anemia (29/55, 53%) than in the severe expansion subgroup (8/55, 14.5%).
The extent of subclinical intravascular volume expansion appears to play a direct and interactive role in defining outcome risk in patients with chronic HF and coexisting CKD. Whether the interaction of volume status and CKD also has implications for response to standard HF therapies is an issue that requires further study and is not addressed in this analysis. The findings of this analysis support a conclusion that knowing quantitatively the ex-
